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It is shown that tensile stress pulses generated by the reflection of compressive
shock waves at a free surface induce martensicic transfcrmacion (from B2-CSC1 to
monoclinic struccura), in equiatomic NiTi alloys. The transformation pr~ducts are in
the form of acicular needles with a micro-twined or dislocation substructure.

1. INTRODUCTION

Since 1954, shock waves have been used to

study the high pressure (13 CPa) bcc-to-hcp

marrensitic trarmfomation in iron and

steel.’ This is however, an example of

transformation from the initial low density

state to a final high density state, induced

by solely compression stresses, Tensile.

stress-pulse induced trmsformations in

ferrous alloys have ●lso been reported by

several investigators, 2.s

Equiatomlc NiTl ●lloys undnrgo a

martansitic transformation (from a high

density B2-CSC1 structure to a low density

monoclinic ntructure) ●s well as a

crystalline -to-mmorphoua phas~ (low density

state) transformation, In the present study

shock-impact generated tensile-stress pul~es

wera used to induce such high-densJ.ty to

Iow-d@nsIty transformations in NITi alloys.

2. FXPERIHENTAL I’ROC5DURE

lhe chrmlcal rompomltion, grnln size, ●nd

transformation tempelat.ures of the two NIT1

●lloy- ar~ listed In Tahl@ I. T}lG micro.

structur~s of the ●a-rpcelvrd NITl ●lleys •r~

■hewn in Flgur~ I (a) find (b). Ill then~

❑lcrngrapha a lar:.~ numl)~r Of NlzT140m

prar[pltaram (mmrk~d ‘p’) can h- m-nn In th~

dlrmrtlnn of rnllln~, 1 ●ddl! IcII, sltn’r Mm

of the NiTi-I alloy la close to room tempera-

ture, it also shows ❑artenaite phaae with a

“twaed”-like ❑crphol,ogy (Figure l(a)),

TABLE - I
Characteristic of As.Received Materials

ALLOY CHEN. GWIN TENPEUTURE”
~PE COIIP , SIZE MS As

NiTi-I 54.71ZN!, 55 pm +27eC +bO°C
45. 8%T1
, Obazco
.0120

NIT1-11 50.16ZN1 25 ~~ .450C . 51OC
46.43%T1
3. 39%Fe
<0.oolxo

k
Ms . ❑arteneitic tranaformatlon -tart

temperature; As . reverge tranaformatiun
temperature,

FICIIRE 1
Optical micrographa of ●s-rprmlvrd
(a) N1’fl-l slid (l)) NITI.11 dloV!J,



The room temperature shock impact

experiments were conducted using the CETR

6.35 mm diameter single-srage compressed-

helium gas gun. The steel flyer plate

(mounted at chs head of the projectile) was

always maintained at half the thickness of

the NiTi target, such that che tensile

stresses of maximum duration (0.LPs) were

formed almost in the center of the target.6

Details of che experimental conditions are

tabulated in Table II.

TABLE - II
SHOCK EXPERIMENTAL CONDITIONS

SHPL ALLOY START” v P

# TYPE PHASE m/s GPa

1. NiT1-I B2+M 120 2.0
2. NiTi-I B2+tt 160 2.7
3. NiT1-11 B2 2b5 1,,1

“ Starting ptiase prior to impact ●xperlmant;
B2 - paran: CSC1 phase, M - martansita phasa

3. RESULTS ANb DISCUSS1ONL

Tho recovered samplas ware cut longitudi-

nally, along cha diraction of shock ~ave

propagation. Optical microscopy wa8 con-

ducted on tha cross-aactional surfacaa, whila

x-ray diffraction (XRD) ●nd transmission

alectron ❑icroscopy (TEH) analysis were

conducted on various slices cut parallel to

tha shock plane.

LOW magnification micrographs of typical

cross-sact.lnn- nf nhnck?d sample~ No, 1 and 3

arr shown in Flguro 2 (a) and (b), r@spPe-

tlvclv. Fin@ n~adle-llke f~at.ures indlrntlve

of the transformation product can ba s~rn 11)

thase photos, ~nd mora clearly lN the

adjacmn~ lllgh~r magniflcatlmu lmng~s (F’lgurc

2 (c) and (d)), In th~ caa~ of th~ NITII

alloy shock~d C1OSQ [0 ttl (= 77%), [h~

B2-to-monoclinic trans[ormatiun produrfs

(marlensltm necdl~m) ato nhmerved I(I hfI murp

copiuus in the cancral mid-plane region (Fig,

2(a)). The NiTi-11 ailoy (Sample #3) shocked

above M5 (--45°C), showed spalling in the

cantral mid-plane region, In addition to the

apall , fine martensite needle-llke features

ware obsexwed in ragions adjacent to Lhe

span (Figure 2(b) and (d). This locallzed

transformation is causad by shear stresses

generating around the span,

The martansite formed in all of these

shocked samples has an “acicular” neadle-like

❑orphology, which is quite different fram the

“twaad” morphology (Fig, l(a)) of the

thermally induced marcensite formed in the

NiTi.I alloy upon cooling balow H~.

Identification of transformation products

waa obtainad by W analysis, ‘ha XRD

analysis rmsults for the NiT:-I alloy (Sample

#l) are illustrat~d in Figura 3. Cume (a)

is from tha mid-plana region (where the

tansila pulse has maximum duration), and the

Cume (b) is from impact aurfaca (whera

camprassiva wava ia of ❑aximum duration) cf

tha ❑ama aampla. It is apparent from this

figure that tha intansltiaa of tha (110),

(020), (Ill) ●nd (022) monoclinic martansite

paaka ●ra larger in Curve (a) than in Curvn

(b), The change in lntensitias is claarly

dlecarnibla in Cutwe (cj, which 1s the

numerical diffarance between Curvea (a) and

(b), Thaaa rasults show that the NIT1-1

●lloy sample #l has a laigcr timount of

marcensita at Lha c~ntra] mid-plane region,

than at the impact surface, thus lllustratlnrl

that rha monoclinic mnrLcnsite n~~tilos arr

Corm@t! bv t-nulle-stro~~ pulsIIK nnd IIOL h’:

compresnlv~ shock waven, Slmllar rcsultm

w~rp mlso ob~~rved for NiTl . 1 nl]oy S~mplv I)

.? impactrnd aL 160 m/n,

ThP NITi.11 alloy ●hnrkmd nl )/h’JM/I!

(Samplr {/ 3) ulldcrw~nt spnlllIIk III lrIm

C?nt’l”al plallr, aid ●s ■hewn 111 thr opt iI.iil

mirrogrftl)ll Of IIIP nnml)lp cromn-s~rl ion, !IIO



D
.~ : .-

...-
. . ..

..
‘: .,

. ‘?.,. - .,-
,!-. -

-4+
...,<. -

FIGURE 2

Cross-sections and high.mag views of chocked NITi ●lleys; (a,c) Sample # 1; (b,d)
Sample #3
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FIGURE 3

F

k?lo)D2
= / [1c

00 “ ‘=

e

o

X-ray diffrastlon patterns mf NiT1.I ●lloy Sampl@ # 1 from (a) mid-plai’e r~v,lon, nnd (l))
impact surface; and (c) nlumerlcai dlff~renc~ of (a) mnd (h),

transformation wan confined t~nly in regionn reaulta, Brighr Iiold TFJI lmag~u of

adjacent to ■pall, Tll@ ~xt~nt of phas~ ❑art~nsite neecllrm from NITI-1 alloy, SamplP

transforrnmrion in this namplr wae pomsibly #l and #2 (tak~n from sroas in th~ c~ntr~l

below (1OX), hence could not, IJF datactwd I.y ■id-plan- rmglon) ara show III Fig. h(a) IIIId

XRD ●nalvsla. (b), mapmc~lvrly. llm ¤mlmrt~d ●rrm

TIM TEtl olJS@rvaLlnrm u-r~ ●lmo rnllmitt!?nt diffraction pattprna (SAD) cnnflnn !IIP

with optical microaropy ~nd XRD nllalymlm monnrlll)lc ntruulurr III lhr np~dl~~. I’llP#@



tensile-stress-pulse induced rnarcensite

needles contain a micro-rvined substructure,

characceriscic of stress-.essisted ‘ marcen-

site formed in samples deformed below the

yield strength.

Kransforrnacions, formed upon stress.

che yield strength of the material.

4. SUMMARY

Tensile-sCress pulses induce B2-

FIcU’RE
(s) ●nd (b) TEM images of
in Smplas {) 1 and 2

-- .Yf

L

marcensite needles

Figure 5 (a) and (b) are TEM tmageskt NiT1-11

showing the monoclinic rusrtensite needles.

Here, the rnartensite substructure contains

pradomlnantly dislocations. Martensiten

containing a dislocation substructure are

characteristic of srra~n. i’lduced 3

ng abet’e

!o-

monoclinic marcensicic transformation in

equiatomic NiTi alloys. The transformation

product is in the form of acicular needles

with either a microt wined or dislocated sub-

structure depending on wheKher the alloy is

deformed at ternperarures close to MS or

temperatures way above H~.
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